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Introduction
Lymphoproliferative diseases include many different disease entities with distinct cells of origin, pathologies, risk factor profiles, and prognoses. 1 Lymphomas have traditionally been separated into Hodgkin's lymphomas (HL) and nonHodgkin's lymphomas (NHL) including multiple subtypes, such as follicular lymphomas (FL), diffuse large B-cell lymphomas (DLBCL), chronic lymphocytic leukemia (CLL), lymphoplasmacytic lymphoma (LPL)/Waldenström's macroglobulinemia (WM). Multiple myeloma (MM) and monoclonal gammopathy of undetermined significance (MGUS) are grouped together as plasma cell disorders. 1 Currently, the causes of these lymphoproliferative diseases are mostly unknown; however, data support a role for genetic and immune-related factors in their pathogenesis. In this paper, we will review the findings from studies on this topic and discuss the implications with respect to the mechanisms and pathways underlying genetic susceptibility, autoimmunity and lymphoproliferative disorders. Furthermore, we discuss the future directions including a combination of populationbased and molecular studies, which are needed to better define underlying biological mechanisms. Finally, we address clinical implications and provide perspective on the relevance of these data for patient counseling and clinical follow-up.
Genetic factors
Although many cancers show familial clustering, identifying the predisposing germ-line genes is challenging. Familial aggregation of a disease is a necessary but not sufficient condition to infer a contribution of heredity, and identifying such families has led to elucidation of the genetic basis for numerous conditions. Recent large population-based studies from Scandinavia have provided a comprehensive insight to this phenomenon in lymphoproliferative diseases. While the risk among relatives of a proband with a lymphoproliferative tumor is most prominently increased for the same specific subtype, risks are also increased for other lymphoproliferative diseases, suggesting that certain genes are associated with increased risk for multiple lymphoproliferative diseases. This means that linkage and association studies should look for genes specific to subtypes as well as genes shared among sub- There are data to support a role for genetic and immunerelated factors in the pathogenesis of lymphomas and plasma cell diseases. In this paper, we review our published large population-based studies and other relevant studies in Hodgkin's and non-Hodgkin's lymphomas, multiple myeloma, and the precursor condition monoclonal gammopathy of undetermined significance. We discuss the overlap in risk factors between related malignancies and explore the underlying mechanisms. Based on these studies, we provide clinical implications and discuss the relevance of these data for patient counseling and clinical follow-up. Finally, we suggest future directions for new studies designed to increase our current knowledge and to define underlying biological mechanisms of our findings.
types. The power to detect common susceptibility genes with smaller effects has been facilitated by the ability to conduct genome-wide studies with very densely spaced genetic markers.
Lymphomas
Previous studies have consistently shown significantly increased risks of NHL associated with a family history of lymphoma or other hematopoietic malignancies. [2] [3] [4] [5] [6] In a study including 70,006 first-degree relatives of 26,089 NHL cases versus 161,352 first-degree relatives of 58,960 matched controls, we found relatives of NHL patients to have significantly increased risk of NHL and HL. 6 Furthermore, in a recent study, we evaluated risk of lymphoma subtypes among first-degree relatives of 2,668 FL patients, 2,517 DLBCL patients, and 6,963 HL patients compared to first-degree relatives of controls. 7 Relatives were at the highest risk for developing the same lymphoma subtype as the proband. DLBCL was 10-fold increased among relatives of DLBCL patients, FL was 4-fold increased among relatives of FL patients and HL was 4-fold increased among relatives of HL patients, implying that germ-line susceptibility genes are specific to lymphoma subtype. Furthermore, in a study on patients with NHL, a family history of cancer was associated with a non-significantly increased risk of developing certain second cancers (mainly skin and lung cancer), suggesting that there may be some shared (environmental, genetic, or both) susceptibility. 8 A number of affected families presenting multiple cases, as well as case-control and cohort studies, have been published showing familial clustering of LPL and WM. [9] [10] [11] [12] [13] Recently, based on data from a referral clinic with particular focus on familial disease, Treon et al. reported that 19% of their WM patients had at least one first-degree relative affected with WM or another B-cell disorder. 13 To quantify risk estimates for familial aggregation in the general population, we recently performed a large population-based study, including 2,144 LPL/WM patients, 8,279 population-based matched controls, and linkable first-degree relatives of patients (n=6,177) and controls (n=24,609). 14 We found first-degree relatives of LPL/WM patients had a significantly increased risk of developing LPL/WM, other subtypes of NHL (including CLL), and MGUS, compared to first-degree relatives of controls, with the highest risk for LPL/WM (Table 1) . However, we found no excess risk of MM or HL. Together with previous studies, 6, 16, 19 these findings support a role for shared common susceptibility genes that predispose to LPL/WM and possibly certain lymphoproliferative disorders. Additionally, a genome-wide linkage analysis of 11 families at high risk for WM found the strongest evidence of linkage on chromosomes 1q and 4q. 11 We have evaluated the familial risk of CLL in two studies. 15, 19 Recently, a study including almost 10,000 CLL patients and their close to 27,000 first-degree relatives showed that first degree relatives of CLL patients had an 8.5-fold increased risk for CLL. 15 This is similar to that observed in a registry study in Utah. 3 Furthermore, we found significantly increased risk for NHL, including LPL/WM, and hairy cell leukemia. 15 However, there was no excess of HL, MM or MGUS (Table 1) . These studies support the role of germ-line genes underlying risk of CLL and perhaps related malignancies. Regions of the genome likely to contain susceptibility genes have been identified from linkage studies in high-risk families. 20 Specific genes have been implicated from candidate gene studies and a genome-wide association study. 21, 22 However, specific mutations causing susceptibility have not been identified. Additionally, there are reports to suggest an increased risk of second cancer after CLL, Table 1 . Relative risk (odds ratio, OR and 95% confidence interval, 95% CI) for lymphoproliferative and plasma cell tumors among first-degree relatives of patients with non-Hodgkin's lymphoma, lymphoplasmacytic lymphoma/Waldenström's macroglobulinemia, chronic lymphocytic leukemia, Hodgkin's lymphoma, multiple myeloma, and MGUS (compared with relatives of matched controls). 
Non
mainly lung cancer and skin cancer. [23] [24] [25] Whether this is caused by CLL therapy, immune dysregulation, shared susceptibility genes, or a combination of these remains to be determined.
The importance of genetic factors in HL is indicated by reports of multiply affected families, case-control studies, and population registry studies. [26] [27] [28] [29] [30] We analyzed data from registries in Sweden and Denmark, including more than 22,000 HL patients and almost 60,000 controls and found significant familial aggregation of HL and other lymphoproliferative tumors (Table 1) . 16 The relative risk for HL among first degree relatives of cases compared with controls was 3.1, but relatives were also at increased risk for CLL and NHL. More recently, we found that DLBCL and HL aggregated in families. 7 Relative risks were higher in males compared with females, and in siblings of cases compared with parents and offspring. Relatives of earlier onset cases were at higher risk for HL and for all lymphoproliferative tumors and were also at higher risk for developing early onset tumors themselves. In a recent genome-wide scan study, the strongest linkage association was found on chromosome 4p, and the authors found the inheritance pattern most likely to be recessive.
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Plasma cell disorders
There is evidence to support a role for genetic factors, including studies showing familial aggregation of MM 3, 17, [33] [34] [35] [36] [37] [38] and familial aggregation of MGUS. 18 In addition, racial disparities in incidence patterns for MGUS and MM support a role for germ-line genes in the etiology of MM. [39] [40] [41] We recently analyzed 13,896 MM patients and 54,365 matched controls, and first-degree relatives of cases (n=37,838) and controls (n=151,068). 42 We found that first degree-relatives of MM patients, compared to first degree relatives of controls, had a 2-fold increased risk of MM, MGUS, and acute lymphoblastic leukemia. In a recent study from the Mayo Clinic, first degree relatives of MM patients had a 2-fold increased risk of MGUS, suggesting a familial aggregation of MGUS and MM (see below). 43 Similarly, using population-based data from Sweden, we identified 4,458 MGUS patients, 17,505 populationbased controls, and first-degree relatives of patients (n=14,621) and controls (n=58,387). Compared to relatives of controls, relatives of MGUS patients had a 2.8-fold increased risk of MGUS, 3-fold risk for MM, 4-fold for LPL/WM, and 3.4-fold risk for CLL. 18 Relatives of patients with IgG/IgA MGUS had a significantly increased risk of MGUS, MM, and LPL/WM, whereas relatives of IgM MGUS patients had an increased CLL risk and non-significant excess MM and LPL/WM risks. Risk of NHL or HL was not increased among MGUS relatives. In accordance with our study, the study from the Mayo Clinic, involving relatives of 97 MGUS cases, found a 2.6-fold increased risk of MGUS. 43 Additionally, recent studies have suggested that there is a familial aggregation of solid tumors (malignant melanoma and prostate cancer) with MM and MGUS. 37, 38 In our study on relatives of MM patients, we observed a significantly increased risk for any solid tumor as well as bladder cancer. 42 Similarly, relatives of MGUS patients had an increased risk of solid tumors (all tumors grouped together), and specifically bladder cancer and spinal cancer, but not prostate or malignant melanoma. 44 These and our results support a role for germ-line susceptibility genes, shared environmental influences, or an interaction between both in MM and MGUS, and possibly even solid tumors.
Immune-related factors
There is convincing evidence that immune dysregulation plays a major role in lymphomagenesis, including studies observing an increased risk of lymphomas following organ transplant, infections, immunodeficiency states, and autoimmune conditions. 45 In contrast, much less is known regarding immune-related conditions and risk of development of plasma cell disorders. Autoimmune diseases comprise a broad variety of conditions characterized by dysregulation in various components of the immune response leading to loss of tolerance to auto-antigens. The association of lymphoma and autoimmunity has long been recognized, initially from case reports of autoimmune diseases preceding or co-occurring with lymphoma, and from animal models. 46 Over the last three decades, there has been consistent evidence from population-based case-control and cohort studies that certain autoimmune diseases, especially rheumatoid arthritis (RA), Sjögren's syndrome, and systemic lupus erythematosus (SLE), are associated with lymphoproliferative diseases. 47 Explanations for these associations include the role of chronic immune stimulation, treatment for autoimmune disease, and shared genetic and/or environmental factors. Recent studies suggest that chronic antigenic stimulation also plays a role in the causation of plasma cell disorders. 48 
Lymphoma
Over the years, several studies have observed an association with certain autoimmune and chronic inflammatory conditions and risk of NHL. 47, 49, 50 In a recent study, we included almost 25,000 cases of NHL (not including CLL) diagnosed in Denmark and Sweden, over 55,000 population-based matched controls, and their linkable first-degree relatives. We found a personal history of systemic autoimmune conditions to be significantly associated with a 2.6-fold increased risk of developing NHL. 51 The risks for specific autoimmune conditions varied; however, a significant increased risk was observed for RA, Sjögren's syndrome, SLE, and systemic sclerosis. Furthermore, several other autoimmune conditions were also associated with an increased risk of NHL, both conditions with organ involvement (Hashimoto's thyroiditis, discoid lupus erythematosus, polyarteritis nodosa) and in autoimmune diseases without detectable autoantibodies (Crohn's disease, psoriasis, and sarcoidosis). In our study, we found that the associations with systemic autoimmune diseases were stronger for aggressive NHL. A few recent studies 49, 52, 53 have examined autoimmune disease associations by specific lymphoma subtypes. These studies have found a strong association with DLBCL and RA, but also SLE, Sjögren's syndrome, and celiac disease, a finding not observed in FL. 49, 52, 54 Burkitt's lymphoma (BL) is characterized by a translocation t(8;14) which activates the cmyc oncogene.
1 BL is strongly associated with EpsteinBarr virus. 55 Other infectious agents are also known to be linked with BL, including plasmodium falciparum and HIV. 56, 57 Until recently, only a few smaller epidemiological studies had been conducted to assess the role of chronic antigenic stimulatory conditions in relation to risk of developing LPL/WM. In a hospital-based study including 65 WM patients and 213 hospital-based controls, personal history of autoimmune disease was not associated with subsequent risk of developing WM. 10 Interestingly, WM patients were more likely than controls to have first-degree relatives with a history of pneumonia, diphtheria, rheumatic fever, and diabetes mellitus. An exploratory evaluation of immunological profiles revealed that relatives of 2 WM cases had IgM MGUS and about 40% had diverse immunological abnormalities. 10 In a large case-control study of NHLs, Smedby et al. 49 examined 116 LPL patients and found a significant association with RA. More recently, we conducted two large nationwide studies based on U.S. veterans. In a large study including 146,394 patients infected with hepatitis C virus (HCV) and 572,293 controls, 58 HCV infection was found to confer a 20-30% increased risk of NHL overall and a 3-fold higher risk of WM. In another large study based on 4 million U.S. veterans, we assessed WM risk in relation to a variety of chronic immune stimulatory conditions. Among 361 patients with WM with up to 27 years of follow-up, we found a 2-to 3-fold elevated risk of WM in individuals with a personal history of an autoimmune disease (RA, Sjögren's syndrome, immune thrombocytopenic purpura (ITP), and Crohn's disease) and notably elevated risks associated with hepatitis, human immunodeficiency virus, and rickettsiosis. 59 Taken together, these results support a role for chronic immune stimulation in the pathogenesis of WM.
Few studies have been performed to evaluate the risks of autoimmune and chronic immune stimulatory conditions and risk of CLL, with inconsistent results. [60] [61] [62] [63] [64] Recent large population-based investigations from Scandinavia support the hypothesis that common infectious agents such as encapsulated bacteria 65 might play a role in the pathogenesis of CLL, while auto-antigens Table 2 . Relative risk (odds ratio, OR and 95% confidence interval, 95% CI) for lymphoproliferative and plasma cell tumors in relation to a personal history of selected autoimmune diseases. Chronic rheumatic heart disease 0.8 (0.6-1. have not been found to be associated with CLL risk. 66 Chronic rheumatic heart disease was associated with a significantly decreased risk of CLL. Smedby et al. 49 found type I diabetes associated with CLL/SLL, an association also seen in a pooled InterLymph study. 52 In the SEER-Medicare study, other than autoimmune hemolytic anemia, no other condition was associated among 9,171 CLL patients. 67 The very strong association for a personal history of autoimmune hemolytic anemia (Table 2 ) and subsequent CLL observed in the study from Scandinavia was primarily confined to patients diagnosed with autoimmune hemolytic anemia within one year prior to CLL. 66 However, since autoimmune hemolytic anemia is a well-known complication of CLL, it is most likely that this association reflects reverse causality (i.e. undetected CLL manifesting with autoimmune hemolytic anemia as an early symptom). If we eliminate the year before diagnosis, the risk was still highly elevated (data not shown). In the SEER-Medicare study, autoimmune hemolytic anemia was significantly associated with lymphoproliferative disease even when analyses were restricted to cases diagnosed with autoimmune hemolytic anemia five years or more prior to CLL. 67 In a recent study based on 77,469 healthy adults who were enrolled in the nationwide, population-based Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial, 68 we identified 45 subjects in whom CLL was subsequently diagnosed (up to 6.4 years later) through the collection of peripheral whole-blood. Using six-color flow cytometry and immunoglobulin heavychain gene rearrangement (IGHV) by reverse transcriptase polymerase chain reaction (RT-PCR) assay, we found evidence of pre-diagnostic monoclonality among B cells (by either of the two methods) in 44 patients (98%; 95% confidence interval (CI) 88-100%). In 41 patients (91%; 95% CI 79-98%), the clone was confirmed by both methods. 68 The distribution of mutated clones, as compared with unmutated clones, was very similar regardless of the time between obtaining the blood sample and the subsequent CLL diagnosis. In addition, among eight unmutated prediagnostic clones, three were present more than three years before the CLL diagnosis, with two being detectable five years before. Thus, this study suggests that virtually all cases of CLL (both with mutated and unmutated IGHV genes) are preceded by MBL.
OR (95% CI)
HL has been associated with some autoimmune diseases. In our analyses of personal history of autoimmune conditions in 7,476 HL patients compared to controls, 69 we found several autoimmune conditions to be strongly associated with HL including RA, SLE, sarcoidosis, and ITP. We found the overall 2.7-fold increased risks for systemic autoimmune diseases. Furthermore, a family history of sarcoidosis and ulcerative colitis were also associated with HL risk, suggesting a role for shared susceptibility factors between the two diseases. Anderson et al. 53 found increased risk for RA , SLE, localized scleroderma, and discoid lupus erythematosus in HL patients. Consistent with our results from Scandinavia, sarcoidosis was associated with a 3-fold risk with borderline significance. 
Plasma cell disorders
The associations between chronic antigen stimulation and risk of MM have been evaluated in several studies. 17, [70] [71] [72] [73] Based on small numbers there are some suggestions that certain types of infectious agents could play a role 71, 73 while the role of autoimmunity in relation to MM risk remains less clear. 17, 72 In a large populationbased study from Sweden, we found pernicious anemia and polymyalgia rheumatica to be associated with MM, with the most prominent risks being within a year of autoimmune disease diagnosis. 74 Similar to CLL (see above), we found chronic rheumatic heart disease to be associated with a decreased risk of MM. Anderson et al. also found pernicious anemia to be associated with MM but no other conditions were associated. 53 Some studies have found increased risk of MM in RA patients 75, 76 but others have not. 74, 77 Furthermore, in a recent study of 4,641 U.S. veterans with MM, we found MM to be associated with a prior history of all autoimmune disorders combined, all systemic autoimmune disorder diseases combined, and separate conditions, polymyositis/dermatomyositis, systemic sclerosis, autoimmune hemolytic anemia, pernicious anemia, and ankylosing spondylitis. 48 In the study based on U.S. veterans, 2,046 patients with MGUS were evaluated with respect to a prior medical history of immune-related diseases. Associations similar to those observed in MM were found among MGUS patients. For autoimmune conditions overall, there was a 1.7-fold increased risk of developing MGUS. This suggests that some autoimmune conditions may act as an early trigger in the pathway to MM. Alternatively, these associations could be a reflection of an underlying immune disruption linked with MGUS. Future work is needed to confirm and expand on these observations.
Proposed disease mechanisms
There are several possible mechanisms by which autoimmunity could be related to risk of developing lymphoma. 78 One hypothesis is that both autoimmune and lymphoproliferative diseases result as a consequence of multistep processes that eliminate the checkpoints that inhibit uncontrolled B-cell growth, including uncontrolled growth of autoimmune lymphocytes. 79 If this is true, such multistep processes likely involve both inherited and somatic mutations of genes in relevant molecular pathways. Proposed mechanisms for progression of autoimmune diseases into lymphomas include dysregulation and hyperactivity of B cells associated with autoimmune diseases and impaired T-cell function that may lead to lymphoma. For example, B-cell activating factor of the TNF family (BAFF) enhances survival of B cells, and is found to be over-expressed in Sjögren's syndrome, RA, SLE, and lymphomas. [80] [81] [82] Figure 1 illustrates major immune-related factors thought to contribute to lymphomagenesis. Autoimmunity may lead to both overstimulation and defective apoptosis of B cells. Secondary inflammation because of autoimmune stimulation can also promote these processes which are evident in the continuum of histological changes associated with Sjögren's syndrome. 83 Several infections have been associated with development of lymphoproliferative disease and are likely to operate through some of the same pathways. 45, 58, 65, 71, 84, 85 In addition to various types of extrinsic factors, genetic factors likely play a role in lymphomagenesis and autoimmunity. It has been suggested that there could be some inherited mutations causing susceptibility to both autoimmune diseases and lymphomas. One way to test for this hypothesis would be to look for familial aggregation of both autoimmune diseases and lymphomas in families. However, our previous large population-based case-control studies found that family history of autoimmune disease was generally not a predictor of lymphoma risk. 66, 17, 51, 69 Similarly, a prior study of relatives of RA patients did not find an increased risk of lymphoma. 86 It is also possible that autoimmune disease therapy plays a role in the development of subsequent lymphoma. However, the literature of lymphoma risk following autoimmune therapies (such as methotrexate and TNF-α blocking agents) is inconclusive, as discussed below.
Clinical implications
It is important to consider the clinical implications of the above discussed associations. First-degree relatives of patients with lymphoproliferative disease are at an increased relative risk of developing various subtypes of lymphoproliferative diseases, with the highest risk for the same disease as the proband. However, because of the low baseline risk of most of these lymphoproliferative malignancies in the general population, the absolute risk for a first-degree relative to develop the same lymphoma or another lymphoproliferative malignancy is still very low. Furthermore, early detection of indolent lymphomas in particular is not likely to affect outcome since most asymptomatic patients typically are not treated. Additionally, although relatives of patients with a lymphoproliferative disease are at increased risk for developing MGUS, 14 the average transformation rate from MGUS to MM or WM is only about 1-1.5% per year. 87 Relatives of patients with lymphoproliferative diseases can be informed that they have a higher relative risk of developing lymphoproliferative disease (compared to family members of unaffected individuals). It should be emphasized that the absolute risk is very low, there is no treatment for early lesions, and there is no available therapy to prevent potential progression. Consequently, at this time, it is not recommended to screen for lymphoproliferative or plasma cell disease among family members outside clinical research studies.
The observation that immune-related and inflammatory conditions are associated with an excess risk of developing lymphomas may also have clinical implications regarding the treatment of those conditions. Indeed, it has been suggested in some, but not all, studies that the treatment of autoimmune diseases (with methotrexate and TNF-α blocking agents) might play a role in the development of subsequent lymphoma. [88] [89] [90] Some studies have reported spontaneous lymphoma regression in RA patients following removal of methotrexate therapy. 91, 92 Others have found that lymphomas occurring following transplantation are more likely to be of aggressive subtypes and are thought to be due to immunosuppression and subsequent re-activation of Epstein-Barr virus (EBV). 93 New therapeutic agents blocking TNF-α clearly benefit patients with RA and other autoimmune conditions. From a clinical perspective, we need to conduct long-term surveillance of our patients receiving therapy for autoimmune diseases while keeping in mind that the absolute lifetime risk of lymphoproliferative disease in the general population is very low.
Taken together, these novel insights raise complex medical considerations and imply ethical dilemmas. As treating physicians, we need to handle this information with care, and provide and council our patients with clinically relevant information. More knowledge about the risks will help make the treatment decision more informed.
Future directions
Future studies are needed to identify susceptibility gene(s) contributing to lymphoproliferative and plasma cell diseases, and define the role of immune-related conditions and their interaction in the etiology of lymphomas. Furthermore, studies need to incorporate molecular components to validate diagnoses and evaluate more biologically homogeneous groupings of autoimmune disorders and lymphoproliferative tumors. Other areas of interest might be to investigate prospectively the natural history and pathogenesis of autoimmune disorders in individuals who subsequently develop lymphoproliferative diseases. Also we need to better define the role of immune-related conditions (and their treatment) on prognosis and survival in lymphoproliferative diseases as this may have clinical implications for the treatment of patients with autoimmune conditions. Future studies designed to assess the underlying mechanisms of our recently defined associations might not only improve our understanding of the pathogenesis of lymphoproliferative diseases. They could also have a direct influence on clinical management by leading to more informed risk assessments of novel autoimmune drugs that might be involved in lymphomagenesis.
